Within the testis, each Sertoli cell can support a finite number of developing germ cells. During development, the cessation of Sertoli cell proliferation and the onset of differentiation establish the final number of Sertoli cells and, thus, the total number of sperm that can be produced. The upstream stimulatory factors 1 and 2 (USF1 and USF2, respectively) differentially regulate numerous Sertoli cell genes during differentiation. To identify genes that are activated by USF proteins during differentiation, studies were conducted in Sertoli cells isolated from 5-and 11-day-old rats, representing proliferating and differentiating cells, respectively. Usf1 mRNA and USF1 protein levels were increased between 5 and 11 days after birth. In vitro studies revealed that USF1 and USF2 DNA-binding activity also increased at 11 days for the promoters of four potential target genes, Fshr, Gata4, Nr5a1, and Shbg. Chromatin immunoprecipitation assays confirmed that USF recruitment increased in vivo between 5 and 11 days after birth at the Fshr, Gata4, and Nr5a1 promoters. Expression of Nr5a1 and Shbg, but not of Fshr or Gata4, mRNAs was elevated in 11-day-old Sertoli cells compared with 5-day-old Sertoli cells. Transient transfection of USF1 and USF2 expression vectors up-regulated Nr5a1 and Shbg promoter activity. RNA interference assays demonstrated that USF1 and USF2 contribute to Nr5a1 and Shbg expression in differentiating cells. Together, these data indicate that increased USF levels induce the expression of Nr5a1 and Shbg during the differentiation of Sertoli cells, whereas Fshr and Gata4 expression is not altered by USF proteins during differentiation.
INTRODUCTION
In the adult testis, Sertoli cells are required to provide the physical environment and factors necessary for germ cells to develop into mature sperm. Because Sertoli cells do not divide after puberty and Sertoli cell death is rare, the number of Sertoli cells is fixed in the adult; thus, the number of germ cells that can be supported is determined by the duration of the proliferation period before differentiation [1] [2] [3] [4] [5] . Therefore, the timing of Sertoli cell differentiation is critical for determining the final number of Sertoli cells and the upper limit of male fertility. Thus far, however, little is known about the gene regulatory events that occur during Sertoli cell differentiation, including the transcription factors that are required and the downstream target genes that are activated.
Upstream stimulatory factors 1 and 2 (USF1 and USF2, respectively) have been identified as potential mediators of Sertoli cell differentiation [6] . The USF proteins are members of the basic helix-loop-helix (bHLH) family of transcription factors that bind to specific DNA sequence motifs known as Eboxes (CACGTG) [7] [8] [9] . The results of studies with Usf knockout mice suggest that the Usf1 and Usf2 genes are partially redundant and that reduction of total USF protein levels below a specific threshold interferes with male reproductive function [10] . Specifically, in Usf2 knockout mice, Usf1 levels are also decreased, and a severe reduction in male reproductive capability is found. In contrast, Usf1 knockout mice have higher Usf2 levels and near-normal levels of USF DNA-binding activity that may compensate for the loss of Usf1 and permit the retention of fertility [10] . It is not yet known whether USF proteins are required for male fertility or Sertoli cell differentiation, because Usf1/Usf2 double-knockout mice are an embryonic lethal mutation [10] and, to our knowledge, cell-specific USF knockout studies have not been performed.
Previously, we found that the expression of Usf1 mRNA and levels of USF binding to E-box motifs increased during the differentiation of Sertoli cells [6] . To determine whether the increased DNA-binding activity of USF during differentiation results in the alteration of E-box-regulated gene expression in Sertoli cells, we investigated USF regulation of four target genes in Sertoli cells that contribute to maintaining fertility. Two of the target genes, follicle-stimulating hormone receptor (Fshr) and GATA binding protein (Gata4), are expressed at relatively constant levels throughout Sertoli cell differentiation and are not expected to be induced by USF proteins in vivo. The expression of steroid hormone-binding globulin (Shbg) increases during differentiation and, thus, is a candidate for regulation by USF proteins, whereas the expression of the other target gene, nuclear receptor subfamily 5, group A, member 1 (Nr5a1), during Sertoli cell differentiation is less well characterized.
The FSHR is required for FSH-mediated Sertoli cell proliferation, pubertal initiation of spermatogenesis, and maintenance of normal sperm production [11] . GATA4 is a transcription factor expressed throughout Sertoli cell development [12] [13] [14] and is required for proper sex determination and testicular organogenesis [12, 15] . Knockout of Gata4 specifically in Sertoli cells results in disrupted spermatogenesis due to the premature release of spermatocytes and spermatids [16] .
The promoters of the Fshr and Gata4 genes are activated through E-box motifs by overexpression of USF proteins in cell-culture transfection studies [17] [18] [19] [20] . However, the expression of these two genes is either stable during Sertoli cell differentiation (Fshr) [11, 21] or reportedly decreases (Gata4) [12] [13] [14] ; thus, elevated USF levels are not expected to activate the genes during differentiation in vivo.
The Nr5a1 gene (also known as SF-1) encodes a transcription factor that activates genes essential for testicular organogenesis as well as the steroidogenic enzyme cytochrome P450, family 19, subfamily a, polypeptide 1 (Cyp19a1; commonly known as aromatase) [22] [23] [24] [25] [26] [27] . The transcription of Nr5a1 requires USF1 and USF2 in cultured Sertoli cells [28] , but the expression of Nr5a1 during Sertoli cell differentiation has not been fully characterized [22] . The Shbg gene product, also known as androgen-binding protein (ABP), functions to carry testosterone into the lumen of the seminiferous tubules and farther downstream through the male reproductive tract [29, 30] . Shbg is expressed by mature and maturing Sertoli cells and is therefore a marker of Sertoli cell differentiation. Expression of Shbg mRNA increases during Sertoli cell differentiation between 5 and 20 days after birth [31] . Studies in fully differentiated Sertoli cells revealed that two E-box motifs within the promoter are necessary for Shbg expression [32] . Thus far, the pattern of Shbg expression during Sertoli cell differentiation has not been well characterized, and to our knowledge, USF regulation of Shbg has not been investigated.
Because the factors that cause Sertoli cells to differentiate are not well characterized, we tested the hypothesis that USF1 and USF2 are required to increase gene expression in postnatal proliferating and differentiating Sertoli cells isolated directly from testes and in culture. USF protein levels and activities as well as the expression of Fshr, Nr5a1, Gata4, and Shbg target genes were assayed. DNA-protein interactions were examined at E-box motifs within the promoters of the Fshr, Nr5a1, Gata4, and Shbg genes before and during differentiation both in vitro, through the use of electrophoretic mobility shift assays (EMSAs), and in vivo, through the use of chromatin immunoprecipitation (ChIP) assays. USF1 and USF2 regulation of promoter activity was assessed for genes found to be induced during differentiation. Finally, RNA interference assays were performed to determine the contribution of USF1 and USF2 to the expression of genes essential for Sertoli cellmediated support of fertility.
MATERIALS AND METHODS

Animal Care and Use
Male Sprague Dawley rat pups were obtained from Charles River Laboratories. Animals used in the present study were maintained and euthanized according to the principles and procedures described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The present study was approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Isolation of Sertoli Cells for Direct Assay
Rats were euthanized 5 and 11 days after birth, and Sertoli cells were isolated as described by Anway et al. [33] with slight modifications [6] . Briefly, decapsulated testes were digested with collagenase (0.5 mg/ml) in enriched Krebs-Ringer bicarbonate medium (EKRB; 118.5 mM NaCl, 4.7 mM KCl, 2.1 mM CaCl 2 ÁH 2 O, 1.0 mM KH 2 PO 4 , 1.2 mM MgSO 4 Á7H 2 O, 25 mM NaHCO 3 , 10 mM Hepes [pH 7.4], and 0.1% bovine serum albumin [BSA]) at 348C for 10-15 min in a shaking water bath (80 oscillations/min), followed by three settlings in EKRB to isolate seminiferous tubules. Tubules were dispersed through digestion with trypsin (0.5 mg/ml) in the presence of DNase (1 lg/ml) for 5-10 min at 378C without shaking. After digestion, tubule fragments were washed with soybean trypsin inhibitor (0.3 mg/ml), followed by two washes with EKRB. Sertoli cells were separated from germ cells by incubation with 0.1% collagenase, 0.2% hyaluronidase, 0.04% DNase I, and 0.03% trypsin inhibitor in a shaking water bath for 40 min at 348C (80 oscillations/min). Cells were then collected by centrifugation 82 3 g for 5 min and washed three times with EKRB. To remove contaminating germ cells, the suspension of single cells and clusters of 5-10 cells were subjected to hypotonic shock by resuspending the pellet in EKRB diluted with water (final concentration, 0.23 EKRB), then gently inverting three times to disperse cells, followed by immediate centrifugation at 700 rpm (63 3 g) for 10 min. Cells were next washed three times with serum-free media containing 50% Dulbecco modified Eagle medium (DMEM), 50% Ham F-12, 5 mg/ml of insulin, 5 mg/ml of transferrin, 10 ng/ml of epidermal growth factor, 3 lg/ml of cytosine b-Darabinofuranosidase, 1 mM sodium pyruvate, 200 U/ml of penicillin, and 200 lg/ml of streptomycin. The resuspended cells were counted and directly aliquoted for preparation of protein extracts or RNA or were plated for analysis of purity. Preparations of isolated cells are routinely 85% enriched for Sertoli cells [6] .
Isolation of Sertoli Cells for Cell Culture
Rats were euthanized 5 and 11 days after birth as described previously [34] . Decapsulated testes were digested with collagenase (0.5 mg/ml, 338C, 12 min) in EKRB, followed by three settlings in EKRB to isolate seminiferous tubules. The tubules were digested with trypsin (0.5 mg/ml, 328C, 12 min) in the presence of DNase (2 lg/ml), and cell aggregates were passed repeatedly through a Pasteur pipette. An equal volume of DMEM containing 10% fetal bovine serum was added to the Sertoli cells, which were then subjected to centrifugation (500 3 g, 5 min), after which the pellet was resuspended in the supplemented serum-free media as described above (Isolation of Sertoli Cells for Direct Assay). Sertoli cells were cultured on Matrigel (Collaborative Research)-coated dishes (338C, 5% CO 2 ). Sertoli cells were routinely 95% pure as determined by phase microscopy and alkaline phosphatase staining [35] . Cells were cultured for 3 days before transfection or fixation.
Western Blot Analysis
Sertoli cells were prepared for immediate assay in extract lysis buffer (250 mM NaCl, 0.1% Nonidet P40, 50 mM Hepes [pH 7.0], 5 mM ethylenediaminetetra-acetic acid [EDTA], 0.5 mM dithiothreitol [DTT] , and a cocktail of protease and phosphatase inhibitors) and then sonicated and subjected to centrifugation (12 000 3 g, 10 min). Supernatants containing whole-cell lysates were stored at À808C. Protein concentrations were determined by the Bradford method (Bio-Rad Protein Assay; Bio-Rad Laboratories, Inc.). Protein was concentrated when necessary using a Microcon Ultracel YM-3 Centrifugal Filter Unit (Millipore). For detection of USF1 and USF2, 50 and 10 lg of protein, respectively, were fractionated by SDS-PAGE, transferred to polyvinylidene difluoride membranes, and incubated with primary antisera against USF1 (sc-229; Santa Cruz Biotechnologies), USF2 (sc-862; Santa Cruz Biotechnologies), or b-actin (A1978; Sigma-Aldrich), followed by either goat anti-rabbit antisera (11-035-003; Jackson ImmunoResearch Laboratories, Inc.) or goat anti-mouse antisera (170-6516; Bio-Rad Laboratories, Inc.). The antigen-antibody complex was visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore Corporation), and the levels of USF1 and USF2 were normalized to b-actin expression levels. Relative signal intensities were measured using the ImageJ software program [36, 37] . The specificities of USF1 and USF2 antisera were confirmed using extracts from COS7 cells transfected with plasmids encoding USF1 or USF2 (Supplemental Fig. S1A , all Supplemental Data are available online at www. biolreprod.org).
Nuclear Protein Extracts
Sertoli cells for direct assay (1.5 3 10 6 cells/sample) were collected in a total of 1 ml of PBS and used for the preparation of nuclear extracts. Nuclear and cytoplasmic extracts were prepared by detergent lysis [38] . Briefly, after centrifugation (82 3 g for 5 min), the cell pellet was resuspended and incubated in buffer A (10 mM Hepes [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM ethyleneglycoltetra-acetic acid [EGTA], 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail) for 15 min on ice, followed by the addition of 0.06% Nonidet P40. Cells were vortexed for 10 sec, and nuclei were collected by centrifugation (12 000 3 g, 30 sec). The nuclei pellet was then washed once with buffer A and resuspended in buffer C (20 mM Hepes [pH 7.9], 0.4 mM NaCl, 1 mM EDTA, 1 mM EGTA, 20% glycerol, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail). Nuclei were incubated for 15 min on a shaking vortex platform at 966 WOOD ET AL. 50% power at 48C. The cellular debris was cleared by centrifugation (12 000 3 g, 5 min), and the supernatant containing nuclear proteins was stored at À808C. Protein concentrations were determined by the Bradford method.
DNA-Protein Binding Studies
The 32 P-radiolabeled DNA probes were generated by annealing 24-to 42-nucleotide templates containing protein-binding motifs plus flanking promoter sequences to 10-nucleotide primers complementary to the 5 0 end of the templates ( Table 1 ). The overhangs were filled in with the Klenow fragment in the presence of [a-
32 P]dATP and 5 mM each of dCTP, dGTP, and dTTP at 168C overnight. EMSAs were performed as described previously [39] . Briefly, 32 P-labeled probes were incubated with nuclear extracts (1 lg) for 15 min at room temperature in the presence of 1 lg of poly(deoxyinosine-deoxycytosine), 0.25 mg/ml of BSA, 5 mM DTT, 50-100 mM KCl, 20 mM Hepes (pH 7.9), 20% glycerol, and 0.2 mM EDTA. For supershift assays, 1 ll of antiserum was added to the mixture for 15 min at room temperature before addition of the probe. All antisera were obtained from Santa Cruz Biotechnologies: a-USF1 (sc-229), a-USF2 (sc-862), a-E47 (sc-763), a-E2A.E12 (sc-349), and a-MYC (sc-40). DNA-protein complexes were resolved by 5% PAGE under nondenaturing conditions in a Tris borate/EDTA buffer. The gels were dried at 808C for 1 h and exposed to Classic x-ray Film, Blue Sensitive (Laboratory Products Sales) at À808C. The relative intensities of DNA-protein complexes were measured from digitized autoradiograms using ImageJ software, and the intensity of E-box-protein complexes was normalized to that of a control cAMP response element-binding protein (CREB) probe [36, 37] . The specificities of USF1 and USF2 antisera were confirmed using extracts from COS7 cells transfected with plasmids encoding USF1 or USF2 (Supplemental Fig. S1B ).
ChIP Assays
Primary Sertoli cells were isolated as described above (Isolation of Sertoli Cells for Direct Assay). Resuspended cells were incubated with 1% formaldehyde for 10 min at 378C. The reaction was halted by the addition of 0.125 m glycine for 5 min at room temperature. ChIP assays were performed following the Upstate Biotechnology ChIP Assay Kit protocol, with modifications. Nuclei were isolated as described above (Nuclear Protein Extracts) with minor changes, washed in buffer A, resuspended in 150 ll of SDS lysis buffer (10 mM EDTA [pH 8.0], 50 mM Tris [pH 8.0], and 1% SDS), and flash-frozen for storage at À808C until sonication. Thawed samples were resuspended in a total of 1 ml of SDS lysis buffer and aliquoted into two 500-ll aliquots for sonication to yield 200-to 1000-bp genomic DNA fragments utilizing a Kontes Micro Ultrasonic Cell Disruptor. Nuclei were sonicated on ice at 50% output for 20 pulses of 30 sec each. Samples were allowed to cool at least 2 min between each pulse. Cellular debris was eliminated by centrifugation at 14 000 3 g for 10 min at 48C. From the supernatant, 10-ll aliquots, corresponding to 1% input, were removed, and the remaining supernatant was diluted with 2.5 ml of dilution buffer (16.7 mM Tris [pH 8.1], 167 mM NaCl, 0.01% SDS, 1.2 mM EDTA [pH 8.0], and 1.1% Triton-X 100) containing protease and phosphatase inhibitors and stored at À808C in 1-ml aliquots. Protein concentrations were determined using the BCA Protein Assay Kit (Pierce, Thermo Fisher Scientific, Inc.). Fragmentation was verified using 10 ll of sample, reversing the cross-link (see below), and resolving the purified chromatin in 0.05% glycerol on a 2% agarose gel. The lysate (35 lg in total) of 1 ml of dilution buffer was precleared by incubation with 40 ll of protein A sepharose (Invitrogen) in the presence of 10 ll of preimmune normal rabbit serum (Pierce) and 5 lg of sheared salmon sperm DNA (Invitrogen). After centrifugation at 1000 3 g for 1 min, aliquots of the supernatant were incubated with 2 lg of antiserum directed against USF1 or USF2 (sc-229 Trans-X or sc-862 Trans-X, respectively; Santa Cruz Biotechnologies) or a control antiserum, WT1 (sc-192; Santa Cruz Biotechnologies). Controls also were incubated with nonimmune serum or without protein. . The beads were then washed two times in a buffer consisting of 10 mM Tris (pH 8.0) and 1 mM EDTA. The chromatin complexes were eluted by incubation with 250 ll of freshly prepared elution buffer (1% SDS and 0.1 m NaHCO 3 ) with rotation at room temperature for 15 min. The supernatant was saved to a new tube, and the elution was repeated. The supernatant from the second elution was pooled with the supernatant from the first elution. Cross-linking was reversed by adding NaCl to a final concentration of 200 mM and heating at 658C for 4 h. After incubation with 40 lg of proteinase K for 1 h at 458C, the DNA was purified using the QIAquick PCR Purification Kit (Qiagen, Inc.). Eluates of immunoprecipitated chromatin were stored at À208C.
Immunoprecipitation of promoter regions was quantified by quantitative PCR (qPCR) with PowerSYBR Green (Applied Biosystems, Inc.) using 2 ll of the purified chromatin fragments described above. Primers are listed in Table 2 . For each primer set, the efficiency of amplification [efficiency ¼ 10
(1/Àslope) ] was calculated for each chromatin sample utilizing a nonprecipitated input sample [40] . The relative quantity of immunoprecipitated chromatin fragments that was amplified for each primer set was then determined through the efficiency-corrected DCt (cycle threshold) method of qPCR analysis. The relative quantity is derived from the following equation: quantity ¼ (efficiency)
ÀCt [40] . The calculated quantity of each primer set amplifying a promoter region was normalized to the quantity found for the control primer set (designed to the Nr5a1 coding region) by dividing the values for each promoter 
Quantitative PCR Analysis of Gene Expression
The RNA was isolated from Sertoli cells using the RNeasy Mini Kit (Qiagen, Inc.) according to manufacturer's instructions. RNA was treated with RNase-free RQ1 DNase (Promega) for 2 h at 378C and purified by phenol/ chloroform extraction. The RNA was subjected to reverse transcription using random hexamers [41] . For reverse transcription, 250 ng of RNA were incubated with 100 ll of reaction mix containing 7.5 mM MgCl 2 , 400 lM deoxynucleotide triphosphates (Promega), 103 PCR II Buffer (Applied Biosystems), 40 U of RNasin Ribonuclease Inhibitor (Promega), 2.25 lM random hexamers (Integrated DNA Technologies), 250 U Superscript II Reverse Transcriptase (Invitrogen Corporation), and nuclease-free water (Applied Biosystems/Ambion). Parallel reactions were performed without reverse transcriptase. The samples were incubated at 258C for 10 min, 488C for 30 min, and 958C for 5 min, followed by 48C for 5 min.
Real-time qPCR amplifications were performed in a 96-well plate using the ABI Prism 7900HT Sequence Detection System v2.3 (Applied Biosystems). Reactions were conducted in a total volume of 20 ll, which included 2 ll of cDNA, 10 ll of PerfeCTa SYBR Green Fast Mix ROX (Quanta Biosciences, Inc.), and 2 lM of each primer. Amplification reactions were also performed on samples containing no cDNA as negative controls, either from reverse transcription reactions lacking either reverse transcriptase or mRNA template. Primer pairs (Table 3) were independently validated for use in the DDCt method of gene expression analysis [40] through use of a standard curve derived from serial dilutions of the cDNA obtained from the reverse transcription reactions as previously described [6] . Primers with an efficiency of 2 6 0.2 were considered to be acceptable. Peptidylprolyl isomerase A (Ppia; commonly known as cyclophilin) was used as an endogenous control. The qPCR analysis initiated with melting of cDNA at 958C for 15 min, followed by 40 amplification cycles of 15 sec at 958C and 1 min at 608C. Dissociation-curve analysis was performed immediately after amplification. Ct values were recorded and analyzed via the DDCt method [40] to characterize relative foldchanges in mRNA expression between treatment groups as previously described [6] .
Reporter Plasmid Constructs, Transient Transfections, and Luciferase Assays
The Nr5a1Luc reporter plasmid contains the Nr5a1 promoter region, including the E-box at À32 to À77 bp [42] . The Shbg600Luc reporter plasmid contains 600 bp of the rat Shbg promoter region upstream of the proximal start site [32, 43] . Cultured Sertoli cells from 5-and 11-day-old rats were transfected with 0.5 lg of reporter plasmid in the presence or absence of 0.5 lg of empty expression vector or vectors expressing USF1, USF2, or USF1þUSF2 (pSVUSF1 and pSVUSF2 [44] ) using FuGENE Transfection Reagent 6 (Roche Applied Science) according to the manufacturer's instructions. Three days after transfection, the Sertoli cells were collected, and total cellular proteins were extracted using Reporter Lysis Buffer (Promega). Luciferase assays were performed using a Victor 2 luminometer (PerkinElmer). Luciferase activities were normalized for total protein as determined by the Bradford method.
RNA Interference Assays
The Usf1 (siRNA ID: s136901) and Usf2 (siRNA ID: si35812) siRNAs were obtained from Applied Biosystems. 0 -dT dT UCC UCG CAA GGU CUU AGA C-3 0 . Sertoli cells isolated from 5-and 11-day-old rats were cultured in 60-mm 2 plates and transfected with siRNAs using TransIT-TKO Transfection Reagent (Mirus) according to manufacturer's instructions. Cells were transfected with either 40 mM Usf1 or Usf2 siRNA, 20 mM Usf1 plus 20 mM Usf2 siRNA, or 40 mM control siRNA or were mock transfected with no siRNA. Twenty-four hours after transfection, the media were replaced by serum-free media. RNA was isolated as described above (Quantitative PCR Analysis of Gene Expression) three days after transfection, and gene expression was analyzed using qPCR with the primers listed in Table 3 .
Statistical Analysis
For EMSAs, ChIP assays, qPCR, and RNA interference studies, the mean 6 SEM value or intensity of three individual experiments was determined for each sample group unless otherwise noted. For luciferase assays, the mean 6 SEM value for three or four independent experiments of two replicates each was determined for each sample group. Results were analyzed by ANOVA with Fisher PLSD at a 5% significance level utilizing Statview 4.5 (Abacus Concepts, Inc.).
RESULTS
USF1 Protein Levels Increase Between 5 and 11 Days after Birth in Sertoli Cells
Our previous studies determined that Usf1 mRNA levels increased 1.6-fold during Sertoli cell differentiation [6] . To determine whether USF protein levels similarly increased during Sertoli cell differentiation, Western blot analysis of USF1 and USF2 was performed using whole-cell extracts prepared from Sertoli cells immediately after isolation from rat testes. These studies demonstrated that USF1 protein levels increased 3.3-fold between 5 and 11 days after birth (Fig. 1, A  and C) . USF2 protein levels did not change (Fig. 1, B and D) . Detection of USF1 required 5-fold more protein extract than the amount needed for USF2 protein detection. Although the efficiency of the USF1 and USF2 antibodies may vary, the need for less protein to detect USF2 is consistent with our previous qPCR results demonstrating that Usf2 mRNA levels are greater than those of Usf1 [6] . 
Binding of USF Proteins to Target Gene Promoters Increases During Sertoli Cell Differentiation
Previously, we found that USF binding to the Fshr promoter E-box increases during Sertoli cell differentiation [6] . To determine whether increased USF binding to target gene promoters is common during Sertoli cell differentiation, we first assayed USF binding to the E-box regions of the Gata4 and Nr5a1 gene promoters. Nuclear extracts prepared from Sertoli cells immediately after isolation from 5-and 11-day-old rats were incubated with radiolabeled, double-stranded oligonucleotide probes containing E-box motifs from the Gata4 and Nr5a1 promoters. Protein binding to the Gata4 and the Nr5a1 E-boxes was low in extracts from 5-day-old Sertoli cells, but binding activity at both promoter regions increased 4.1-and 2.7-fold, respectively, at 11 days (Fig. 2, A and B) . In contrast, protein interactions with a consensus cAMP response element (CRE) that binds the CREB transcription factor remained constant between 5 and 11 days (Fig. 2C) [6, 45] . To confirm that USF proteins contribute to forming the DNA-protein complexes with the Gata4 and Nr5a1 E-box motifs, supershift studies were performed. Sertoli cell nuclear extracts from 5-and 11-day-old testes were preincubated with nonimmune serum or antisera against USF1, USF2, E47, E2A, or MYC Ebox-binding transcription factors before incubation with probes containing the E-box regions of the Gata4 or Nr5a1 promoters (Fig. 2D) . Both the USF1 and USF2 antisera supershifted the DNA-protein complexes, indicating that the complexes contain USF proteins. The E47 and MYC antisera did not cause a supershift of protein complexes at the Gata4 E-box. However, the E2A-E12 antiserum did decrease Gata4 E-box binding with extracts from 5-day-old Sertoli cells, raising the possibility that E2A or E12 proteins may also bind to the Gata4 E-box. The E47, E2A-E12, and MYC antisera had little effect on the binding of proteins to the Nr5a1 promoter E-box. Overall, these data support the hypothesis that elevated levels of USF proteins are available to bind E-box motifs within the Gata4 and Nr5a1 target gene promoters during Sertoli cell differentiation.
Shbg Promoter Proximal E-box Is a Target of USF1 and USF2
The Shbg mRNA levels are known to increase during Sertoli cell differentiation. Shbg mRNA levels first increase between FIG. 1. USF1 protein levels increase during differentiation in Sertoli cells. A and B) Western immunoblotting of whole-cell extracts from 5-and 11-day-old Sertoli cells immediately after isolation was performed sequentially with antisera specifically recognizing USF1 (A) or USF2 (B) followed by b-actin. Arrowheads denote the band of interest. C and D) Levels of USF1 and USF2 were normalized to b-actin levels, and levels for 5-day-old Sertoli cells were arbitrarily set equal to one. The fold-induction (mean 6 SEM) of 11-day-old Sertoli cells over 5-day-old Sertoli cells from three independent experiments for USF1 and USF2, respectively, is reported. *P , 0.05.
FIG. 2. USF1 and USF2 DNA-binding increases at E-box motifs in the
Gata4 and Nr5a1 promoters in differentiating Sertoli cells. A-C) In EMSAs, radiolabeled probes containing E-box regions of the Gata4 promoter (A), the Nr5a1 promoter (B), or a consensus CRE-binding motif for the CREB transcription factor (CRE probe; C) were incubated with nuclear extracts of Sertoli cells prepared immediately after isolation from 5-and 11-day-old testis. Representative images of the resulting DNA-protein complexes are shown, and quantitation of the mean 6 SEM of four independent experiments is provided. The relative binding to the Gata4 and Nr5a1 promoters for each condition was normalized to CREB binding for each experiment, and the value of binding activity from 5-day-old Sertoli cell extracts was set equal to one. The relative CREB-binding activity represents the mean 6 SEM of the fold-inductions derived directly from the intensities of the protein-DNA complexes. Representative full-length gel images for A-C are provided in Supplemental Figure S2 . *P , 0.05. D) DNA-protein complexes from nuclear extracts isolated from 5-and 11-day-old Sertoli cells were incubated immediately after isolation with nonimmune sera or antisera against USF1, USF2, E47, E2A, or MYC or with no antisera. Supershifted DNA-protein complexes containing USF1 or USF2 are indicated. Exposure times for all complexes are less than 48 h. Free probe was run off the gel.
USF INDUCES Nr5a1 AND Shbg DURING DIFFERENTIATION 969 10 and 15 days after birth and then increase more dramatically between 15 and 40 days after birth [31] . To determine whether USF1 and USF2 bind to any of the three E-box regions within the Shbg promoter (Fig. 3A) , EMSAs of nuclear extracts from 5-and 11-day-old rat Sertoli cells were conducted. For the probes containing the proximal (À36 to À31 bp) and distal (À268 to À263 bp) E-box motifs, protein-binding activity was low in extracts from 5-day-old Sertoli cells but increased in extracts from 11-day-old Sertoli cells (2.5-fold and 3.9-fold for binding to the proximal and distal sites, respectively) (Fig. 3B) . DNA binding was not detected at the central E-box (À129 to À124 bp) at either 5 or 11 days after birth.
To determine whether USF1 or USF2 contributed to the DNA-protein complexes at either the proximal or distal Shbg E-box motifs, supershift studies were performed. DNA-protein complexes produced with Sertoli cell extracts from 5-and 11-day-old rats incubated with the proximal E-box motif could be supershifted with either USF antisera, whereas the E47, E2A, and MYC antisera had little effect (Fig. 3C) . In contrast, none of the antibodies tested was able to shift or disrupt the DNAprotein complexes detected for the distal E-box. Additionally, the DNA-protein complexes formed at the distal E-box motif migrated faster than usually observed for USF-bound probes, further suggesting that an alternative protein or protein complex is bound at the site (Fig. 3B) . These data suggest that USF1 and USF2 could be involved in the transcriptional activation of Shbg through the proximal E-box region, whereas a different protein complex forms at the distal E-box during differentiation.
Recruitment of USF Proteins to Fshr, Nr5a1, and Gata4 Target Gene Promoters In Vivo Increases During Sertoli Cell Differentiation
Chromatin immunoprecipitation analysis was employed to assess the recruitment of USF1 and USF2 to the promoters of USF target genes during Sertoli cell differentiation in vivo. USF1 and USF2 were recruited to the E-box regions of the Fshr, Gata4, and Nr5a1 promoters at both 5 and 11 days of age (Fig. 4) . However, we were unable to detect USF1 or USF2 recruitment to the Shbg promoter in chromatin samples from 5-or 11-day-old Sertoli cells by ChIP analysis (data not shown). For all three promoters at which USF proteins were detected, the levels of USF1 and USF2 recruitment in the 11-day-old the proximal E-box motif from À36 to À31 bp, the central E-box motif from À129 to À124 bp, and the distal E-box from À268 to À263 bp [32] . Promoter region is not drawn to scale. B) In EMSAs, radiolabeled probes containing a region of the Shbg promoter including the proximal E-box, the central Ebox, or the distal E-box (top) were incubated with nuclear extracts prepared immediately after isolation from 5-and 11-day-old Sertoli cells. Representative images of the resulting DNA-protein complexes are shown, and quantitation of the mean 6 SEM of three independent experiments is provided (bottom). The relative binding for each condition is normalized to that of CREB binding, and the value of binding from 5-day-old Sertoli cell extracts was set equal to one. BD, below detection limit of the assay. *P , 0.05. C) DNA-protein complexes from nuclear extracts isolated from cultured 5-and 11-day-old Sertoli cells were incubated with nonimmune sera or antisera against USF1, USF2, E47, E2A, or MYC or with no antisera. Supershifted DNA-protein complexes containing USF1 or USF2 are indicated. Exposure times for all complexes are less than 48 h. Free probe was run off of the gel.
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Sertoli cells were greater than those in the 5-day-old cells. USF1 and USF2 recruitment, respectively, increased 1.7-and 2.7-fold at the Fshr promoter (Fig. 4A ), 2.9-and 4.8-fold at the Gata4 promoter (Fig. 4B) , and 2.0-and 3.7-fold at the Nr5a1 promoter (Fig. 4C) . These data indicate that increased levels of USF protein expression and in vitro DNA-binding activity correlate with increased recruitment to E-box motifs in vivo.
Expression of USF Target Genes Nr5a1 and Shbg Increases During Sertoli Cell Differentiation
To determine whether increased USF recruitment to E-box motifs during Sertoli cell differentiation corresponded with increased USF target gene expression, the expression of mRNAs encoding Fshr, Gata4, Nr5a1, and Shbg was assayed during Sertoli development using qPCR. Fshr and Gata4 mRNA levels did not increase between 5 and 11 days after birth (Fig. 5, A and B) . In contrast, the mRNA levels of Nr5a1 increased 1.4-fold from 5 to 11 days after birth (Fig. 5C) , and mRNA levels of Shbg in Sertoli cells increased 3.2-fold (Fig.  5D) . For all studies, the mRNA levels of the housekeeping gene Ppia did not change over the course of differentiation (data not shown).
USF Proteins Induce Nr5a1 and Shbg Promoter Activity in 11-Day-Old Rat Sertoli Cells
Because only Nr5a1 and Shbg mRNA levels increased in differentiating Sertoli cells, we next focused on USF regulation of the promoters of these genes in proliferating and differentiating Sertoli cells. To test the hypothesis that USF proteins mediate increased Nr5a1 promoter activity, the luciferase reporter construct Nr5a1Luc, containing the Nr5a1 promoter including the E-box at À82 to À77 bp, was used in transient transfection assays [42] . Cultured Sertoli cells, isolated from 5-and 11-day-old rats, were cotransfected with the luciferase reporter constructs and with plasmids encoding Usf1, Usf2, or Usf1þUsf2. Overexpression of USF1, USF2, and USF1þUSF2 increased Nr5a1Luc activity in Sertoli cells from 5-day-old rats by 2.1-, 1.5-, and 1.5-fold, respectively (Fig. 6A) , and in Sertoli cells from 11-day-old rats by 4.2-, 2.4-, and 2.6-fold, respectively (Fig. 6B) .
Additional transient transfection assays were carried out with the Shbg600 luciferase reporter construct, containing 600 bp of the Shbg proximal promoter [32, 43, 46] . Addition of USF1, USF2, or USF1þUSF2 induced Shbg600Luc activity in Sertoli cells 4.7-, 3.1-, and 3.9-fold, respectively, in Sertoli cells isolated from 5-day-old rats ( Fig. 6C ) and 3.7-, 2.5-, and 3.1-fold, respectively, in 11-day-old Sertoli cells (Fig. 6D) . Together, the transient transfection studies indicate that elevated USF expression results in increased Nr5a1 and Shbg   FIG. 4 . USF1 and USF2 binding to the Fshr, Gata4, and Nr5a1 gene promoters in vivo during differentiation. Chromatin-protein complexes were immunoprecipitated with nonimmune serum (IgG) or antiserum against WT1, USF1, or USF2. The relative quantities of PCR amplified Ebox regions from the Fshr (A), Gata4 (B), or Nr5a1 (C) promoters are shown for 5-and 11-day-old Sertoli cells. Recruitment to E-box regions was normalized to the relative quantity of complexes recruited by IgG for the same age cells (relative binding set equal to one). Results shown are the mean 6 SEM of three experiments performed in triplicate. Experiments employing cells from 5-and 11-day-old rats were run concurrently. *P , 0.05 vs. the IgG value of the same age, ## P , 0.05 vs. the same condition in 5-day-old rats.
FIG. 5.
Nr5a1 and Shbg mRNA levels increase during differentiation in Sertoli cells. The mRNAs isolated from 5-and 11-day-old Sertoli cells assayed immediately after isolation were analyzed by qPCR using primers for Fshr (A), Gata4 (B), Nr5a1 (C), and Shbg (D). Data were analyzed using the DDCt method, and quantitation of the mean 6 SEM of three individual experiments for each condition is provided for each primer set. The relative mRNA levels were normalized to Ppia levels and made relative to 5-day-old Sertoli cells (set equal to one). *P , 0.05.
promoter activity in cultured Sertoli cells isolated from both 5-and 11-day-old rats.
Knockdown of Usf1 Plus Usf2 Inhibits the Expression of Fshr and Shbg in 11-Day-Old Sertoli Cells
To investigate whether USF proteins are required to regulate endogenous target gene expression in proliferating and differentiating Sertoli cells, RNA interference assays were performed in cultured Sertoli cells. Evaluation of the efficiency of mRNA knockdown revealed that Usf1 mRNA levels were reduced 58.0% by Usf1 siRNA in 5-day-old Sertoli cells (Fig.  7A ) and by 78% in 11-day-old Sertoli cells (Fig. 7B) . Usf2 siRNA reduced Usf2 mRNA levels 59% and 69% at 5 and 11 
FIG. 7.
Usf1 and Usf2 siRNAs specifically knock down their target mRNAs. Sertoli cells cultured from 5-and 11-day-old rats were transfected with siRNAs against no siRNA (Control), Usf1, Usf2, or Usf1 and Usf2 (Usf1/2). The mRNA was isolated for analysis by qPCR using primers for Usf1 (A and B) or Usf2 (C and D). The USF siRNA-induced fold-changes in Usf1 and Usf2 mRNA levels relative to that of Control (set equal to one) are provided. The results shown are the mean 6 SEM for three transfection experiments. Values with different lowercase letters differ significantly (P , 0.05).
FIG. 8.
Usf1 and Usf2 siRNAs specifically knock down their target proteins. Sertoli cells cultured from 20-day-old rats were transfected with siRNAs against Ar (Control), Usf1, Usf2, or Usf1, and Usf2. Whole-cell extracts were assayed by Western blot analysis using antisera against USF1 (lanes 1-3) or USF2 (lanes 4-6) , followed by reprobing with b-actin. Quantitation of the mean 6 SEM for two experiments is shown. Values were made relative to Ar controls (set equal to 100%). *P , 0.05 vs. Ar controls. 972 days, respectively, after birth (Fig. 7, C and D) . The actions of the siRNAs were specific as Usf1 mRNA levels in the presence of Usf2 siRNA and Usf2 mRNA after Usf1 siRNA transfection were not significantly altered in 5-or 11-day-old Sertoli cells. In Sertoli cells cultured from 5-day-old rats, the combination of Usf1 and Usf2 siRNAs decreased Usf1 and Usf2 mRNAs 48% and 33%, respectively. In 11-day-old Sertoli cells, the combination of siRNAs resulted in 70% and 65% decreases in Usf1 and Usf2 mRNA levels, respectively. Further evaluation of USF protein expression after transfection of siRNA determined that Usf1 and Usf2 siRNA reduced expression of their respective proteins by 67% and 70%, respectively (Fig. 8) . Protein levels of USF1 and USF2 were similarly reduced when the combination of siRNAs was used. Together, these results indicate that Usf1 and Usf2 siRNAs effectively and specifically inhibit their respective mRNA targets.
To determine whether USF proteins contribute to the expression of the Fshr and Gata4 genes during proliferation or differentiation, Sertoli cells were treated with Usf siRNAs. The use of either Usf siRNA alone or the combination of siRNAs did not result in significant reduction of Fshr or Gata4 mRNA levels in 5-day-old Sertoli cells (Fig. 9 , A and C). At 11 days, treatment with either Usf1 or Usf2 siRNA alone did not alter Fshr and Gata4 mRNA levels (Fig. 9, B and D) . The combination of Usf1 and Usf2 siRNAs did decrease Fshr mRNA expression by 40%, but Gata4 mRNA levels were not significantly altered (Fig. 9, B and D) .
In addition, RNA interference studies were conducted to determine whether USF proteins are required for the expression of Nr5a1 and Shbg. Expression of Nr5a1 and Shbg at five days was not altered by Usf1 or Usf2 knockdown (Fig. 9, E and G) . In Sertoli cells isolated from 11-day-old rats, transfection of Usf1 or Usf2 siRNA alone as well as the combination of Usf1 and Usf2 siRNA caused a 37%, 20%, and 26% decrease, respectively, in Nr5a1 mRNA levels. These data suggest that USF proteins contribute to Nr5a1 expression during Sertoli cell differentiation. In 11-day-old Sertoli cells, Usf1 siRNA resulted in a 48% decrease in Shbg levels, whereas Usf2 siRNA decreased Shbg mRNA 44% (Fig. 9H ). Usf1 and Usf2 siRNA together produced a 51% decrease in Shbg mRNA levels. These results indicate that USF1 and USF2 similarly activate Shbg gene expression during the differentiation of Sertoli cells.
DISCUSSION
We tested the hypothesis that elevated USF levels contribute to the activation of genes supporting male fertility that are expressed during the differentiation of Sertoli cells. We focused on three classes of genes characterized by their USFmediated regulation during Sertoli cell differentiation. These genes included 1) Fshr and Gata4, the expression of which is not greatly altered during Sertoli cell differentiation; 2) Shbg, which represented a potential target of USF, because Shbg expression increases during differentiation; and 3) the USFregulated Nr5a1 gene, which has not been well characterized during Sertoli cell differentiation.
The USF proteins were identified as potential regulators of gene expression during the differentiation of Sertoli cells, because USF protein binding to the E-box in the Fshr promoter in EMSAs increased 7-fold from 5 to 11 days after birth [6] . In the present study, we similarly found that USF binding to Eboxes in the promoters of the Gata4, Nr5a1, and Shbg increased 2.5-to 4-fold for Sertoli cells from 11-day-old rats. The increase in E-box binding is likely due to the corresponding 3.3-fold increase in USF1 protein expression, because levels of Usf2 mRNA [6] and protein remain relatively constant during the transition from the proliferating to the differentiating state.
In vivo ChIP assay results also indicated that USF1 recruitment to the Gata4, Nr5a1, and Fshr E-box motifs increased in 11-day-old Sertoli cells. Interestingly, USF2 recruitment to the target promoters also increased in vivo, although USF2 protein expression did not increase. One possible explanation for the increased recruitment of USF2 is that the increase in USF1 expression that occurs in 11-day-old Sertoli cells may drive the formation of heterodimers that preferentially bind to the E-box motifs studied. A similar increase in USF heterodimer formation is proposed for endometriotic stroma cells, except that an increase in USF2 expression drives heterodimer formation and increased target gene expression [47] . The E-box motifs assayed in the present study may specify recruitment of USF1/USF2 heterodimers over USF2 homodimers. This idea is consistent with results
FIG. 9. Knock down of Usf mRNAs results in decreased expression of
Fshr and Shbg target genes. Sertoli cells cultured from 5-and 11-day-old rats were transfected with no siRNA (CONTROL) or with siRNAs against Usf1, Usf2, or Usf1 and Usf2 (Usf1/2). The mRNA was isolated for analysis by qPCR using primers for the USF target genes Fshr (A and B), Gata4 (C and D), Nr5a1 (E and F), or Shbg (G and H). The Usf siRNA-induced changes in target gene mRNA levels relative to that after transfection with control (set equal to one) are provided. The results are shown as the mean 6 SEM for three to five transfection experiments. Values with different lowercase letters differ significantly (P , 0.05).
from Hermann et al. [18] , who found USF1/USF2 heterodimers to be the most abundant dimer bound to the Fshr promoter Ebox in Sertoli cells (58.9% of dimers), followed by USF1 homodimers (34.5%) and USF2 homodimers (6.6%). Alternatively, it is possible that differentiation of Sertoli cells results in chromatin alterations that facilitate the binding of all USF dimers to E-box motifs.
In vitro DNA-protein interaction studies identified two complexes that form with Shbg promoter E-box motifs, a USFcontaining complex at the proximal E-box and a complex at the distal E-box that contains unidentified proteins. Protein binding to both the proximal and distal E-box motif increased between 5 and 11 days after birth. Both E-box motifs are important for promoter activity, because previous DNase protection assays identified binding complexes essential for promoter activity within the proximal promoter in MSC-1 cells [46] and mutation of either the proximal or the distal E-box prevented Shbg promoter activity in 20-day-old Sertoli cells [32] . In fully differentiated Sertoli cells, the central E-box (À129 to À124 bp upstream of the transcription start site) was reported to bind transcription factor E2A (TCFE2A; also known as E47) [32] ). However, we did not detect protein binding to the central Ebox using extracts from 5-or 11-day-old Sertoli cells, which may indicate an alternative mechanism of regulation for Shbg in the fully differentiated Sertoli cells [32] .
An additional E-box motif is found in the human SHBG promoter that is not found in rodents. The unique human SHBG E-box binds USF proteins but also acts to inhibit SHBG expression in Sertoli cells and likely is responsible for the differing expression patterns for SHBG/Shbg in humans versus rodents [48] . In addition to E-box motifs, a CRE motif has also been identified within the Shbg promoter (À125 to À118 bp) and overlaps with the central E-box, but the regulation of the CRE motif has not been investigated in undifferentiated Sertoli cells [32] . Together, these data suggest that multiple proteins bind to the Shbg promoter and that the regulation of Shbg is complex.
We were unable to detect either USF1 or USF2 recruitment to the Shbg promoter by ChIP assay. It is possible that USF proteins are not recruited to the Shbg promoter in vivo. However, such a result is difficult to reconcile with our findings that 1) in 11-day-old Sertoli cells, USF binding to the proximal E-box in EMSAs increased; 2) in vivo Shbg mRNA levels increased coincident with elevated USF levels; and 3) Shbg mRNA levels decreased after knockdown of Usf. One explanation for the ChIP result is that USF proteins are recruited to the Shbg promoter but cannot be accessed or recognized by the USF antisera used for the immunoprecipitations due to the presence of complex, multiprotein structures. Further studies are required to identify the proteins in the transcriptional complex at the Shbg promoter in vivo and to determine whether the USF proteins are components of a multiprotein structure.
The increase in USF recruitment to target gene promoters in Sertoli cells between 5 and 11 days after birth correlated with an increase in gene expression for Nr5a1 and Shbg during differentiation in vivo. Furthermore, the Nr5a1 and Shbg gene promoters could be activated by the overexpression of USF1 and/or USF2 in Sertoli cells cultured from either 5-or 11-dayold rats. These findings are consistent with earlier studies showing that E-box motifs in both target gene promoters regulated promoter activity [28, 32, [49] [50] [51] and that overexpression of USF proteins induced the Nr5a1 promoter in the MSC-1 mouse Sertoli cell line [28, 52] . Together, the USFmediated induction of Nr5a1 and Shbg promoter activity and the increase in mRNA expression that occurs with elevated USF levels in vivo support the hypothesis that increased USF protein levels up-regulate Nr5a1 and Shbg target genes during the differentiation of Sertoli cells.
The USF regulation of Nr5a1 and Shbg in differentiating Sertoli cells was confirmed by RNA interference studies. Although knockdown of USF1 or USF2 did not affect the expression of any target gene in 5-day-old Sertoli cells, siRNAmediated knockdown of USF1 and/or USF2 inhibited Shbg target gene expression in 11-day-old Sertoli cells by 44%-51%. Knockdown of USF1 also reduced the expression of the Nr5a1 gene by 37%. The siRNA-mediated change in Nr5a1 mRNA levels corresponded closely to the 40% increase in gene expression observed in 11-day-old Sertoli cells, in which USF levels were elevated. Together, these results suggest that USF proteins contribute to the increase in expression that is observed for the Nr5a1 and Shbg genes in Sertoli cells in vivo between 5 and 11 days after birth.
In contrast to the activation of the Nr5a1 and Shbg genes by USF proteins, the present results indicate that elevated USF expression and increased USF recruitment to E-box motifs was not sufficient to increase expression of the Fshr and Gata4 target genes in differentiating Sertoli cells in vivo. Although USF1 and USF2 have each been shown in transient transfection studies of cultured cells to induce a segment of the Fshr promoter that contains an E-box [19, 53] , our studies indicate that in vivo mRNA levels remain constant during the period in which proliferating cells mature to differentiating cells [6] . This result agrees with previous studies showing that Fshr mRNA levels in Sertoli cells increase until Day seven and remain constant during Days 10-20 after birth before decreasing into adulthood [11, 21] . The finding that elevated USF levels alone are unable to activate Fshr expression in vivo suggests that additional factors are required to support expression of the Fshr and is consistent with the previous determination that extensive regulatory sequences (.413 kb) were required for expression of the Fshr gene in transgenic mice [54] . Our RNA interference studies indicate that only after knockdown of both USF1 and USF2 were Fshr mRNA levels reduced in cultured 11-day-old Sertoli cells. These data suggest that a minimal level of USF is necessary to maintain Fshr expression in cultured Sertoli cells. Together, the available data suggest that elevated USF levels alone are unable to activate expression of the Fshr gene during differentiation in vivo. However, USF has been implicated in the cyclical increase and decrease in Fshr expression that occurs in adult Sertoli cells [19] .
Previous reports showed that Gata4 expression decreases in the whole testis during puberty. However, these studies, as mentioned, assayed mRNA levels from whole testis, and the decreased Gata4 mRNA levels could be accounted for by the dilution of Sertoli cell-specific mRNAs with mRNA from the increasing numbers of germ cells that arise during puberty [12] [13] [14] . Our data indicate that Gata4 mRNA levels remain constant during postnatal Sertoli cell development, despite an increase in USF1 and USF2 recruitment to the Gata4 promoter during Sertoli cell differentiation. These data, coupled with the finding that knockdown of USF expression does not decrease Gata4 mRNA levels in cultured Sertoli cells at either age, indicates that increased USF recruitment to the Gata4 promoter is not sufficient to up-regulate Gata4 expression in vivo at these stages of development.
Our studies support the following working model. During proliferation, low levels of USF1 expression in Sertoli cells limit USF recruitment to E-box motifs within the promoter regions of select genes required for differentiated Sertoli cell functions. With the onset of differentiation, Usf1 mRNA and 974 USF1 protein production is increased, USF1 recruitment to Ebox motifs in the promoters of target genes increases, and expression of selected USF target genes, including Nr5a1 and Shbg, is induced. This mechanism does not apply to all USF target genes, because additional factors may be required to activate expression (as proposed for the Fshr and Gata4 genes). The proposed model is limited to USF protein actions and does not include other members of the E-box protein family that may be regulated differently during differentiation and alter target gene activity with different characteristics. Future studies of the physiological role of USF proteins in Sertoli cell differentiation and identification of the transcription complexes with which USF proteins are involved will contribute to our understanding of transcriptional control of Sertoli cell differentiation.
